Prostate-specific antigen (PSA) is a biomarker for preoperative diagnosis and screening of prostate cancer and monitoring of its post-treatment. Because of their sensitivity, simple in operation, rapid response, and compatibility with miniaturization, electrochemical biosensors have attracted considerable attention for PSA detection. In this work, we focused on the recent progress in the electrochemical methods for PSA detection, including immunosensors, aptasensors and peptide-based biosensors.
INTRODUCTION
Prostate cancer (PCa) is a form of malignant neoplasms of the prostate gland, which is highly prevalent among men of age 50 and older. Relative to the rarity when discovered by J. Adams in 1853 [1] , PCa is now one of the most silent killer among men. Given the lack of any symptoms in its early stage, PCa is very lethal and is usually difficult to cure in its later stages. According to the cancer statistics by the American Cancer Society in 2016, prostate cancers alone account for 21% of all diagnoses in men in United States [2] . At present, prostate-specific antigen (PSA) is widely considered as the gold standard marker for screening, diagnostics and even post-treatment monitoring of PCa [3] [4] [5] . As a 33-kDa single chain glycoprotein [6] , PSA is closely associated with liquefaction of the ejaculate. For normal men, PSA usually presents with a low level in serum, typically lower than 4 ng/mL [7] [8] [9] . Due to disruption of the basal membrane or of the ductal lumen architecture, PSA comes into the blood and is complexed with extracellular proteinase inhibitors, leading to elevated level in the blood [10] . Once the concentration of PSA is within the danger zone of 4 ng/mL to 10 ng/mL, PCa is often suspected [7] . As a result, the development of ultrasensitive methods for the detection of lowlevel PSA is of vital importance for the early diagnosis, therapeutic treatments and post-treatment monitoring of PCa.
Currently, many efforts have provoked the appearance of various kinds of PSA detection methods, such as fluorescence [11, 12] , enzyme-linked immunosorbent assay (ELISA) [13] and bioluminescent enzyme immunoassay [14] . In spite of their good sensitivity, most of these methods are complicated, time-consuming, and expensive. Because of their sensitivity, simple in operation, rapid response, and compatibility with miniaturization, electrochemical biosensors have attracted considerable attention for PSA sensing. Given the exuberant advancement, this review aims to summarize the recent advancement in electrochemical biosensors for the detection of PSA biomarker, including immunosensors, aptasensors and peptide-based biosensors.
ELECTROCHEMICAL IMMUNOSENSORS
Antibodies-based electrochemical PSA biosensors include label-free immunosensors and sandwich-like immunosensors. The label-free immunosensor is based on antibody-PSA interaction. Sandwich-like immunosensor is mainly composed of a capture antibody, PSA, and secondary antibody. Preparation procedure and electrode materials of these two types of electrochemical immunosensors are reviewed.
Label-free immunosensors
For the label-free detection, the capture of PSA by antibodies immobilized onto the electrode surface can induce the change of faradaic current and electrochemical impedance, depending upon the modified electrodes. If the electrode is modified with non-electroactive materials, the antibody-PSA interaction can induce the impedance or current change, which is usually monitored in [Fe(CN) 6 ] 3-/4-solution. If the electrode is modified with electroactive substrate, the interaction can cause the current change of the redox probes modified on electrode surface.
Non-electroactive electrode
For the covalent immobilization of biorecognition elements, self-assembled monolayers (SAMs) are most commonly used strategy. O'Sullivan and co-workers first reported the detection of PSA with SAMs of dithiolated derivatives of 3,5-dihydroxybenzyl alcohol containing carboxyl and hydroxyl end groups (Fig. 1) [15] . Antibodies are immobilized onto the electrode surface via standard amino coupling reaction. PSA-induced signal change was monitored by electrochemical impedance spectroscopy. This method has a detection limit of 9 ng/mL. In contrast to other alkanethiol SAMs, the proposed SAMs possess low nonspecific absorption and provide an adequate spacing of biorecognition elements. At the same time, Higson's group reported the label-free detection of PSA with poly(1,2-diaminobenzene)-electrodeposited screen-printed carbon electrodes [16] . Biotinylated PSA antibodies are attached onto the electrode surface through mechanical entrapment or avidin-biotin affinity for PSA binding. The linear ranges of these two immobilization methods are 1 ~ 100 pg/mL and 1 ~ 200 ng/mL, and the detection limits are found to be 1 pg/mL and 1 ng/mL, respectively. Thus, the sensor prepared with an affinity immobilization strategy is more sensitive than that of the entrapment method. Electrode materials with excellent conductivity are especially welcomed in the construction of label-free electrochemical immunosensors [17] . The interfacial electron transfer of [Fe(CN) 6 ] 3-/4-probe could be inhibited by the capture of PSA due to the antibody-antigen interaction, leading to an obvious change of impedance or peak current. Typically, Wei's group demonstrated the detection of PSA using silver hybridized mesoporous silica nanoparticles (Ag@MSNs) as the electrode materials, in which silver nanoparticles were used to enhance the electron transfer rate [18] . Based on the antibody-antigen interaction, PSA was detected with a detection of 15 pg/mL and a linear range of 0.05 ~ 50 ng/mL. Jang and co-workers have reported the detection of PSA with a conductive 3D graphene-based gold composite modified electrode [19] . The 3D immunosensor operates in a linear range of 0 ~ 10 ng/mL with a detection limit of 0.59 ng/mL. Moreover, polypyrrole electropolymerized on a threedimensional Au nanowire array and high molecular-weight silk peptide (SP)-functionalized reduced graphene oxide (rGO) nanosheets have also been used for the immobilization of PSA antibodies, which allowed for the determination of PSA with a low detection limit [20, 21] . Recently, Li and Wei utilized binary reductants to synthesize highly conductive composites containing reduced graphene oxide with silver nanoparticles (rGO/Ag NPs) for PSA assay [22] . Through one-pot reaction under mild conditions, the strong reduction capacity of hydrazine hydrate and sodium citrate induced the formation of small Ag NPs on graphene sheets, which effectively inhibited rGO stacking. Furthermore, the decoration with Ag NPs repaired the structural defects in rGO, which in turn contributed to the formation of conducting path between rGO and Ag NPs. The modification of the obtained rGO/Ag NPs composites on the screen-printed electrode was beneficial to the further binding of anti-PSA antibody. The proposed electrochemical immunosensor showed a wide linear response range (1.0 ~ 1000 ng/mL) and a low detection limit (0.01 ng/mL).
Electroactive electrode
When the antibodies were modified onto the electroactive electrode, capture of PSA by the modified electrode may impede the electronic transfer. For this view, many groups have developed electrochemical PSA biosensors. For example, Ma's group demonstrated that the conductive redox hydrogel composed of aniline and viny-ferrocene can be used for the immobilization of PSA antibodies. The capture of PSA decreases the catalytic oxidation of ascorbic acid by ferrocene. As a result, PSA can be detected with a linear range of 0.001 ~ 200 ng/mL and a detection limit of 0.54 pg/mL [23] . Furthermore, they used a glassy carbon electrode modified with cadmium-organic coordination nanoparticle (CdOP) film, Nafion and graphene oxide to detect PSA. The CdOP film exhibited an electrochemical redox activity at -0.71 V. Binding of PSA at the concentration of 0.01 ~ 100 ng/mL on the electrode surface led to the decrease in the electrochemical signal [24] . Cao and coworkers demonstrated that the nanocomposite of halloysite nanotubes with polypyrrole shell and palladium nanoparticles (HNTs@PPy-Pd) shows high electrocatalytic activity toward H 2 O 2 reduction [25] . The PSA-antibody interaction on the HNTs@PPy-Pd covered electrode surface decreases the electrocatalytic activity, thus facilitating the PSA detection with a detection limit of 0.03 pg/mL and a linear range of 0.0001 ~ 25 ng/mL. Metal organic frame-works (MOFs) have showed great applications as new materials because of their hierarchical structures and high surface areas. However, the poor electrical conductivity limits their applications in developing electrochemical sensing devices. Recently, Deep's group demonstrated that the tetracyanoquinodimethane (TCNQ)-doped copper-MOF can be used in the electrochemical sensing platform for PSA detection in a linear range of 0.1 ~ 100 ng/mL [26] . Li and co-workers prepared an amino functionalized cuprousoxide@ceric dioxide (Cu 2 O@CeO 2 -NH 2 ) core-shell nanocomposites loaded with AuNPs and found that they exhibit high electrocatalytic activity towared H 2 O 2 reduction. With nanocomposites as electrode materials, a PSA biosensor was developed with a linear range from 0.1 pg/mL to 100 ng/mL and a detection limit down to 0.03 pg/mL [27] . Moreover, Ju and co-workers reported an interesting idea for PSA sensing by utilizing the target-induced proximity hybridization for the release of electroactive methylene blue (MB) from the inner pores of mesoporous silica nanoprobe (MSN) (Fig. 2) [28] . Briefly, the flexible DNA could be wrapped on the surface of the positively charged amine-functionalized MSN due to the electrostatic adsorption, which impeded the release of MB molecules entrapped in the MSN. In the presence of target protein PSA, two DNA-labeled antibodies formed into proximate complex, leading to the hybridization with the DNA strand into a rigid double-stranded structure. As a result, the bioconjugate was opened and the sealed MB molecules came out, which was monitored with a screenprinted carbon electrode. Moreover, the addition of nicking endonuclease Nt.BbvCI could initiate in situ enzymatic recycling binding of the proximate complex and opened more DNA biogates for the detachment of more MB. A wide detection range from 0.002 to 100 ng/mL of PSA with a detection limit of 1.3 pg/mL was achieved for the proposed assay. 
Sandwich-like immunosensors
As an alternative to enzyme linked immunosorbent assays, sandwich-like electrochemical biosensors have been attractive for a broad range of applications in clinical diagnosis taking the advantage of their exceptional attributes. Signal amplification is usually required for PSA detection by enzymes and/or nanomaterials. To date, enzyme such as horseradish peroxidase (HRP), alkaline phosphatase (ALP), or glucose oxidase (GOx) are still the commonly used signal labels for electrochemical immunosensors [29] [30] [31] [32] . However, signal amplification by single enzyme can not meet the requirement for detection of low concentration of PSA. Nanomaterials, because of their large surface areas, extraordinary electron-transfer abilities, favorable biocompatibility, and multivalent affinity interactions, are usually exploited as nanocarriers to load large numbers of enzyme molecules to enhance the detection sensitivity. Nanomaterials can increase the electrode surface area, show a fascinating catalytic activity, and have been used as biolabels or redox nanoprobes. This topic has been discussed in many recently reported review papers (Fig. 3) [33] [34] [35] . conjugates. The latter variant can also employ an unlabeled primary antibody and a secondary labeled antibody (B2). For sandwich assays, the capture (primary) antibody is immobilized (C), and a signal is generated using the labeled secondary antibody (C1) or even the third labeled antibody (C2). The general calibration graphs for both competitive and sandwich assays are shown in the right-hand section of the image. Reprinted with permission from reference [35] . Copyright 2017 American Chemical Society.
Besides, Zuo and co-workers have demonstrated that a double stranded DNAs with an upright orientation can be assembled on the gold surface with the aid of a densely packed monolayer (Fig. 4 ) [36] . Due to the high efficient click chemistry initiated by the alkyne groups located at the far end of the double stranded DNA, a well-controlled antibody monolayer on the surface of gold electrode was obtained for the capture of the antigen-PSA and HRP/signaling antibody/AuNPs. Then, an enzymatic catalytic signal in the solution with substrates was readily detected. However, a relatively poor detection limit of 10 ng/mL was obtained. In order to achieve the sensitive detection of a low level of PSA, DNA tetrahedron nanostructure was designed. By virtue of DNA nanotechnology, a more effective nanopore relative to the double stranded DNA was created for the capture of antibodies. Considering the limited steric effect and the entanglement between antibodies, more HRP modified signaling antibodies was attached on the gold surface. Consequently, a higher electrochemical current was obtained. At this condition, a detection limit of 500 pg/mL was achieved with an improved sensitivity. Furthermore, when the nanoscale-spacing enlarged to 5.0 nm and the gold nanoparticle was employ as the signal amplifier, the detection limit was further down to 1 pg/mL. The ultrasensitive performance enabled the developed electrochemical sensor with the ability of screening of prostate cancer and monitoring the recurrence of prostate cancer. Triple signal amplification strategy based on the stepwise enlargement of AuNP tag was described by Laocharoensuk and teammates to improve the electrochemical detection sensitivity of the sandwich immunoassay for the PSA assay [37] . For the fabrication of the sandwich electrochemical sensor, the capture moiety of anti-PSA antibody was firstly assembled on the carbon nanotube powder-modified screen-printed carbon electrodes (SPCE). After binding of PSA, the detector of anti-PSA antibody-AuNP bioconjugates was successively captured onto the electrode based on the antigen-antibody interaction. Then, a triple signal process was performed. Firstly, a nucleation reaction was done to obtain large AuNP by reducing gold chloride ion over small nucleation seeds AuNP tag. Secondly, further increase in the size and surface area of AuNP was achieved by initiating the growth of spiky AuNP. Thirdly, an electroactive layer on the obtained AuNP was accomplished by the silver enhancement step. As a result, the coupling use of small AuNP and triple enhancement process offered a great sensitivity improvement for the detection of PSA with over 260-fold of signal increase relative to conventional silver enhancement process. base pairs, which is ~5.78 nm and comparable to the size of the PSA antibody (~4.89 nm)) as the scaffold to increase the nanospacing, which can effectively improve the binding efficiency and detection sensitivity. We combine the DNA tetrahedron based surface control and the HRP-antibody-gold nanoparticle conjugates to amplify the signal. The detection limit is as low as 1 pg/mL. The nanospacing of antibodies is relatively small by using double stranded DNA (ds-DNA, that contains the same linker with that on the tetrahedron and a supporting single stranded DNA of 10 bases) as the scaffold for the immobilization of antibodies. Thus, the binding efficiency of antibodies is low because many active sites are blocked. The measurement of the 3-dimensional structure of PSA antibody was obtained from the PDB (protein data bank) Web site (http://www.rcsb.org/pdb/home/home.do). Reprinted with permission from reference [36] . Copyright 2014 American Chemical Society.
ELECTROCHEMICAL APTASENSORS
In contrast to antibody, DNA aptamer can be inexpensively prepared and modified with high purity and reproducibility. With aptamer as the biorecognition element, many electrochemical biosensors have been developed in the formats of direct detection, competitive assay and sandwichlike assay. The development of the electrochemical PSA aptasensors is therefore introduced in this part.
Direct detection
For direct detection of PSA by electrochemical impedance spectroscopy (EIS), aptamer SAMs are still welcomed. Usually, thiol or amine terminated DNA aptamers are immobilized on a bare gold electrode surface through Au-S interaction or attached onto a carboxyl SAMs electrode surface through amino coupling reaction. The optimized experimental conditions for the formation of SAMs on gold electrode surface have been investigated by Estrela and co-workers, including DNA density, spacer molecule and buffer solution [38, 39] . Electrode materials exhibit a key factor in the sensitivity and binding ability of bioreceptors. With the development of nanotechnology, many nanomaterials have been modified onto electrode surface to improve the analytical performances [40] [41] [42] . For example, with AuNPs-covered graphitized mesoporous carbon nanoparticles (AuNPs@GMCs) as the electrode materials for aptamer immobilization, PSA can be quantitatively determined with a detection limit down to 0.25 ng/mL [42] . The rGO-MWCNT/AuNPs nanocomposite modified electrode can be used to detect PSA within a detection range of 0.005 ~ 100 ng/mL [41] . By virtue of the synergistic recognition of molecular imprinting and DNA aptamer, a novel bioreceptor has been constructed for selective PSA sensing [43] . DNA aptamer complexed with PSA was immobilized on the surface of a gold electrode, which served as the template of controlled electropolymerisation of dopamine. After removal of PSA, a selective molecularly imprinted polymer (MIP) cavity with the embedded aptamer was fabricated. The formed hybrid bioreceptor exhibited superior recognition properties relative to that of aptamer alone. According to the EIS, the fabricated bioreceptor shows excellent response to the PSA with the concentration ranging from 100 pg/mL to 100 ng/mL. A low limit of detection of 1 pg/mL was obtained for PSA, and three-fold increase in sensitivity was achieved than that of conventional aptasensors. Additionally, the sensor displayed good selectivity in the presence of homologous protein hK2 and serum protein HSA.
Competitive assay
Competitive assay is another label-free strategy for direct detection of PSA. Piro's group used a quinone-containing conducting polymer as the redox reporter to develop a reagentless electrochemical sensor for PSA detection [44] . A quinone-based conducting polymer was immobilized on the surface of the working electrode for the graft of the short aptamer strands which are extremely selective and having an excellent affinity for PSA. Because of heavier molecule weight of PSA than the aptamer, the attachment of PSA caused the immobilized aptamer conformation switching. Such a conformation changes were unfavorable for the inion flux at the interface of the polymer-based electrolyte, therefore inducing a strong decrease in redox current intensity. In order to demonstrate the binding of PSA to the aptamer instead of non-specific adsorption, another DNA strand with a complementary sequence to the aptamer was added in solution for aptamer hybridization, which detached the PSA from the surface of conducting substrate and gave rise to the current increase. Such a crossing of current intensity can effectively avoid false positives and be utilized to estimate the dissociation constant K D . A good calibration curve from 1 ng/mL up to 10 μg/mL of PSA was established and the KD value was estimated at 2.670.8 nM.
Methylene blue (MB) displayed strong binding ability to DNA and RNA sequences via electrostatic attractions and intercalation. However, in the presence of the working solution of Tris, MB preferred to bind to the free guanine bases through hydrophobic forces of guanine with the fused aromatic rings in MB structure rather than electrostatic interaction. Heli and co-workers utilized the interaction of MB with guanine-rich aptamers to construct a label-free electrochemical aptasensing of PSA [45] . For the fabrication of the gold nanospears modified electrode, arginine as a shape-directing agent combined with high negative potential (compared to the formal potential of gold) was employed for the electrodeposition of gold. The thiolated PSA aptamer molecules were then immobilized on the modified electrode. Based on the strong interaction between PSA aptamer and MB, a large number of electroactive MB were adsorbed on the PSA aptamer and a strong electrochemical reduction peak of bonded MB was recorded by cyclic voltammograms (CVs) and differential pulse voltammograms (DPVs). Upon the capture of PSA, the aptamer structure changed into a double stranded, leading to the release of the bonded MB. Thus, the decreased current of MB was obtained. An excellent linear interaction between the plot and the concentration of PSA in the range of 0.125 ~ 200 ng/mL with a detection limit of 0.05 ng/mL was attained. Furthermore, the proposed aptasensor displayed good reproducibility, regeneration and stability, which could be applied in the detection of PSA in real samples.
Sandwich structure
Sandwich-like electrochemical biosensor is one of the major techniques for the detection of proteins. With aptamer as the receptor, we reported a sandwich-like electrochemical biosensor for PSA detection based on the signal amplification of AgNP aggregates. PSA is a glycoprotein. Once it is captured by the aptamer on electrode surface, AgNP aggregation is accomplished with 4-mercaptophenylboronic acid (MPBA) as the cross-linker through the formation of Ag-S bonds and boronate esters. The detection limit is 0.2 pg/mL [46] . The aptasensor is simple and sensitive than that by the dual-amplification of MBA-capped AuNPs and dopamine-capped AuNPs [47] . Besides AuNP and AgNP, copper nanoparticle (CuNP) is also a promising electrochemical signal reporter. By combining the rolling circle amplification (RCA) reaction with poly(thymine)-templated CuNPs for signal amplification, Jiang and co-worker reported the detection of PSA with a detection limit down to 0.020 fg/mL (Fig. 5) [48] . The captured AuNP-aptamer on the PSA surface triggered the RCA reaction and led to the generation of thousands of tandem poly(thymine) repeats. With the resulting poly(thymine) repeats as templates, CuNPs were formed in situ in the presence of ascorbate. An abnormal expression of vascular endothelial growth factor (VEGF) is associated with numerous types of human cancers, including brain tumors, lung cancer, breast cancer, urinary tract tumors, and gastrointestinal cancer, which may serve as a contrast for enhancing the accuracy of PCa diagnosis with PSA. Yang's group developed a dual-modality biosensor that can simultaneously detect VEGF and PSA for early diagnosis of Pca [49] . Highly soluble amine-terminated graphene oxide GO resulting from the carboxylated GO (GO-COOH) and branched polyethylenimine (bPEI) was fabricated for the conjugation with 5′-thiol-modified ssDNA by using sulfo-SMCC as the linker. The obtained GO-ssDNA bioconjugate was then modified on a glass chip with an Au-electrode for the capture of VEGF. The dual-antibody modified poly-L-lactide (PLLA) nanoparticles were recognized by VEGF and PSA, which enabled the successive modification of PLLA nanoparticles and PSA on the electrode. The current response induced by the modification of VEGF and PSA was measured using a 0.05-V bias voltage. The biosensor showed wide linear detection ranges with the concentration of 0.05 ~ 100 ng/mL for VEGF and 1 ~ 100 ng/mL for PSA. Additionally, high levels of sensitivity and selectivity were achieved.
PSA PROTEASE DETECTION
As a kind of serine protease, PSA could recognize and cleave the specific substrate peptide with the amino acid sequence HSSKLQ, which provides another alternative for PSA detection [50, 51] . Compared to antibody, the peptides could be an excellent alternative for the PSA-based cleavage reaction because of high stability, simple structure and being insensitive for the harsh environments. Yuan and co-workers designed a specific substrate peptide with the amino acid sequence HSSKLQ for the electrochemical detection of PSA (Fig. 6) [52] . For the modification of the working electrode, multiwalled carbon nanotubes/poly(amidoamine) dendrimers (MWCNTs-PAMAM) nanohybrids were firstly assembled on the electrode for the further binding of the substrate peptide. The dithiobis(succinimidylpropionate) (DSP) @Au@SiO 2 composites were then attached on the peptide via the inherent interaction between DSP and the amino of peptide. The DSP@Au@SiO 2 nanohybrids served as a tracing tag for the subsequent silver deposition process. Upon the addition of PSA, the specific substrate peptide was recognized and cleaved, which caused the separation of the tracing tag from the electrode surface. Accordingly, the amount of the deposited silver in the electrode decreased, resulting in decrement of the electrochemical stripping signal of the deposited silver. The concentration of PSA could be monitored by the change of the electrochemical stripping signal. Because the formed MWCNTs-PAMAM nanohybrids as the sensor platform provided a large surface area for the immobilization of a large amount of peptide and facilitated electron transfer, a wide line from 0.001 to 30 ng/mL with a detection limit of 0.7 pg/mL was achieved. Moreover, Yuan and co-workers developed a "signal-on" electrochemical biosensor based on PSA induced cleavage of a specific peptide with positively charged AuNPs as a signal enhancer [53] . The specific peptide was firstly self-assembled on the dithiobis(succinimidyl propionate) (DSP) modified electrode, followed by the subsequent attachment of AuNPs and cetyltrimethylammonium bromide (CTAB). The binding of positively charged surfactant CTAB caused AuNPs with a positive charge, which was beneficial for the further adsorption of the negatively charged redox probe [Fe(CN) 6 ] 3−/4− . A low value of electro-transfer resistance was thus obtained. However, the addition of PSA initiated the cleavage of the molecular recognition peptide modified with positively charged AuNPs. The release of positively charged AuNPs from the electrode surface contributed to a high electro-transfer resistance. Hence, a "signal-on" approach for PSA activity assay was achieved. Due to the signal amplification of AuNPs, low level of PSA with a concentration of 0.2 pg/mL was readily measured. Ma's group firstly utilized BSA as an effective sensitivity enhancer for the construction of a peptide-based amperometric biosensor for the ultrasensitive detection of PSA [54] . For the proposed biosensor, a porous and conductive substrate of chitosan-lead ferrocyanide-(poly(diallyldimethylammonium chloride)-graphene oxide) was assembled on a glassy carbon electrode (GCE) through drop coating method. Among the porous substrate, (poly(diallyldimethylammonium chloride)-graphene oxide could effectively enlarge the specific area and conductivity of the sensing interface, while chitosan was employed to adsorb conductive redox species lead ferrocyanide and link with peptide through coordination effect. In order to improve the sensitivity, the co-immobilization of 1-aminopropyl-3-methylimidazolium and peptide on the substrate was performed for the space of peptide. Additionally, further modification of BSA on the immobilized peptide contributed to the increase of resistance of the sensing interface, leading to signal amplification. The target analysts PSA could effectively recognize and cleave the substrate peptide, which caused a dramatic increase of current signal. As a result, a wide linear range (100 ng/mL ~ fg/mL) and a low detection limit (0.01 fg/mL) was obtained with the use of multiple amplification strategies.
CONCLUSION
Nowadays, exuberant progresses have been made in the field of PSA sensing, including excellent linear detection ranges and low detection limits (down to a femto-value). However, most of these advancements are still confined to laboratories and cannot be applied into the commercialization field. The major challenge may be the interference from the complicated real sample of blood or serum. In addition, the relative long analysis process is difficult in clinical trials. As a result, continuous studies on the biosensor with rapid response, improved sensitivity and long-term stability are equally critical, which would enable the shift from in-lab PCa sensing devices into a portable detection system with commercial values. 
